The effect of accelerated weathering exposure time on the bioplastic, poly(3-hydroxybutyrateco-3-hydroxyvalerate) (PHBV) was studied . The chemical structure and thermophysical property changes of solvent cast PHBV films were examined by a combination of optical microscopy, size exclusion chromatography, FTIR and 1 H-NMR spectroscopies, tensile testing, and differential scanning calorimetry (DSC). The exposed PHBV surfaces experienced surface crazing upon weathering. The molar mass of weathered PHBV was shown to decrease due to chain scission which was dominant over the crosslinking reaction mechanism, and compositional analysis showed the polymer degradation was non-random between the hydroxybutyratehydroxyvalerate units. The degree of crystallinity for PHBV was shown to increase significantly findings. This study provides degradation insight for PHBV exposed to both UV radiation and moisture.
Introduction
Driven by the awareness of developing a sustainable society, biobased plastics (e.g., polyhydroxyalkanoate (PHA), polylactic acid (PLA), polycaprolactone (PCL), and lignocellulosic derived materials) have gained considerable attention over the past decades due to their renewability [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Of the microbial biosynthesied PHA bioplastic family, poly (3- hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are the two most common types produced as bacterial intracellular granules [6, 12] . Furthermore, PHA can also be biodegraded readily by microbial hydrolytic enzymes and therefore will not accumulate in the environment [13] [14] [15] . The ester bonds (-COO-) of these above mentioned bioplastics are very susceptible to hydrolysis during exposure to various natural environments such as marine and waste environment [6, 15, 16] .
Most of the degradation studies on PHA have focused on the biodegradation behavior of PHB and PHBV when exposed to water [17] , soil [13, 18, 19] , waste compost [20] , and enzymes [14, 21] . These reports show that water plays a key factor during the whole biodegradation process. However, only a few studies have been conducted on weathering exposure, notably UV-A [22, 23] and UV-B [24] degradation of PHB and photodegradation of PHBV [25] . For PHB, there are many competing mechanisms (radical initiation, crosslinking, and Norrish types I/II) of photodegradation to UV radiation [22] ; whereas the degradation mechanism of aliphatic polyesters PLA and PCL mainly follow Norrish Type II reaction [9, 25] . Due to polymer chain cleavage during photodegradation, the molar mass, crystal structure, crystallinity, and thermal/mechanical properties are all influenced [9, 26] .
Weathering of traditional plastics such as high density polyethylene (HDPE) and polypropylene (PP) based materials have been well studied [27] [28] [29] [30] . Exposure to the combination of UV radiation and moisture can result in more significant degradation of material as compared with samples that were exposed to UV radiation alone. Sample surfaces experience dry/wet cyclical erosion with intermittent water spray and crazing forms on the surface which enables UV penetration deeper into the polymer. Furthermore, water spray can wash away the degraded surface layer and expose a clean surface for further degradation.
Due to the limited studies that have been conducted on the weathering behavior of PHBV and therefore enhance our understanding how PHBV degrades. The aim of this work was to study the degradation mechanism of high hydroxyvalerate (HV) content PHBV during accelerated weathering. The surface morphology, chemical structure, plus thermal and mechanical properties of the PHBV film were monitored with exposure time.
Experimental

Materials and sample preparation
PHBV was biosynthesized in a 20 L laboratory bioreactor fed a mixture of volatile fatty acids from fermented diary manure by mixed microbial consortia inoculated with activated sludge [12, 31] . The bioreactor was aerated and operated as a sequencing batch reactor using a hydraulic and solid retention time of 4 d. The crude PHBV was extracted with CHCl 3 from the acetone prewashed lyophilized bacterial biomass at a yield of 39%. The crude PHBV was purified by precipitation in cold petroleum ether (boiling point range 35-60 °C ) and used for subsequent experiments. The number-and weight-average molar mass (M n = 7.5 × 10 5 g/mol and M w = 3.7 × 10 5 g/mol, respectively) of PHBV were determined by size exclusion chromatography (SEC).
The HV mol% was 33% as determined by gas chromatography mass spectroscopy (GCMS) and 1 H-NMR spectroscopy [12] . The isolated PHBV was dissolved in CHCl 3 (15 mg/mL), stirred for 30 min, poured into a Teflon mold to cast the PHBV films (thickness of 70 µm), air-dried, and finally vacuum dried prior to use.
Accelerated weathering test
Accelerated weathering tests of the PHBV films (10 replicates) were conducted in a xenon-arc weatherometer (Q-Sun Xe-1-S). The films were exposure to a repeated 2 h cycle of radiation followed by 2 h of radiation plus water spray. The average irradiance was 0.70 W/m 2 at 340 nm with a chamber temperature of approximately 70 °C (light step) [32] . The irradiance was measured and monitored regularly, and the bulb was changed periodically to maintain constant irradiance. Samples were collected periodically from 10 specimens randomly for analysis between 0 and 1000 h [27] .
Characterization techniques
Morphological changes
Unweathered controls and weathered PHBV sample surfaces were observed using an Olympus BX51 optical microscope in bright field-reflection mode and images were captured using an Olympus DP70 digital camera.
Size exclusion chromatography (SEC)
The M n , M w and polydispersity (M w /M n ) of PHBV (2 mg/mL in CHCl 3 ) were determined by SEC. Separation was achieved using a Jordi DVB linear mixed bed column (78 mm × 300 mm) at 40 °C on elution with CHCl 3 (1 mL/min) and detected with triple detector array (refractive index, Waters model 2478), low-and right-angle laser light scattering, and differential viscometer (Viscotek model 270, Viscotek Corporation). The system was calibrated using a narrow polystyrene standard (Viscotek, M w = 98 946 g/mol).
The average number of chain scission per macromolecule was estimated using the method described by Sadi et al. [22] :
where M n 0 and M n t are the M n of unweathered and weathered PHBV after time t (h), respectively. 
Monomeric composition by GCMS
FTIR spectroscopy
The surface chemistry of weathered PHBV samples was examined by FTIR spectroscopy using a Nicolet iS5 FTIR spectrometer (Thermo Scientific) with an attenuated total reflection (ATR) iD5 probe (ZnSe). The absorbance spectra of vacuum dried unweathered controls and weathered sample surfaces (in triplicate) were averaged and baseline corrected using Omnic v9.0 software (ThermoScientific).
For the quantitative analysis, the spectra were normalized and curve-fitted using Igor Prof 6.03 software (WaveMetrics). The area (A) of each band found by curve fitting was integrated by the software. In order to estimate the crystallinity changes due to weathering, the crystallization index (I C=O ) was calculated as the ratio of the areas (A) under carbonyl (C=O) bands between 1800-1680 cm -1 [33] [34] [35] [36] :
where A 1720 and A 1740 are the areas of the peaks at 1720 (crystalline portion of PHBV) and 1740 cm -1 (amorphous portion of PHBV), respectively.
The concentrations of the carbonyl (C=O) and vinyl groups (C=C) present in the WPC were determined using the Beer-Lambert equation with some assumptions [27] :
where A is the absorbance of the band obtained from FTIR spectra, c is the molar concentration in mol/L (M) relative to the functional group, ε is the molar absorptivity (L/mol/cm), and b is the path length of the sample (i.e., optical path of the beam through the sample, cm). Molar absorptivity ε values used in this study were taken from the literature [37] using model compounds where esters (C=O, 1720 cm -1 ) and vinyl (C=C, 910 cm -1 ) were 590 and 121 L/mol/cm, respectively.
Optical path length b was considered to be the effective path-length (I). Effective path-length can be calculated from the following equation:
where d p is the depth of penetration of the radiation and N represents the number of total internal reflections that occurred in the ATR crystal. However, for the ATR crystal used in this study, N = 1 (single bounce). Therefore, equation (4) can be rewritten into
According to Averett [38] , I is twice the d p for a polarized ZnSe ATR crystal. Thus,
and d p can be stated as:
where d p is the depth of penetration in cm, λ is the wavelength in cm (λ 1720 = 5.8140 × 10 -4 cm; λ 910 = 1.0989 × 10 -3 cm), n 1 represents the refractive index of the ATR crystal n 1 (at 1000 cm -1 ) = 2.43 for ZnSe, and the refractive index (n 2 ) of PHBV was assumed to be equal to 1.5 [39] .
Refractive index n 21 is the ratio between the refraction index of the sample (n 2 ) and the refraction index of the ATR crystal (n 1 ) that n 21 = 0.6173. θ ef is the effective angle of incidence in degrees (45°). Therefore, the concentration can be obtained from the following equation:
NMR spectroscopy
Samples were dissolved in CDCl 3 (5 mg/mL) and 1 H-NMR spectra were recorded on an Advance Bruker 300 MHz spectrometer at 27°C. Spectra were analyzed using SpinWorks v3.1.7 software.
Differential scanning calorimetry (DSC)
DSC was performed on PHBV samples (4-6 mg, in duplicate) using a TA Instruments model Q200 DSC with refrigerated cooling. The samples were (i) equilibrated at 40 °C (3 min) then ramped to 180 °C at 10 °C /min to destroy any thermal history and held isothermally for 3 min, (ii) cooled to -50 °C at 10 °C /min and held isothermally for 3 min and then cycles were repeated. The melting (T m ) and glass (T g ) transition temperatures were determined from the peak maximum and the inflection point of the second heating scan, respectively. The degree of crystallization (X t %) of samples were calculated from the ratio of the melting enthalpy (∆H m ) of the sample to (∆H m 0 ) of 100% crystalline polymers (146 J/g/°C for PHB) [40] . Data were analyzed using TA Universal Analysis v5.4A software.
Tensile testing
Unweathered and weathered PHBV samples were randomly selected and cut into 10 × 3 × 0.075 mm 3 sized specimens (7 replicates). Tensile testing was performed on a DMA Q800 (TA instruments) with controlled force of 2 N/min was applied until specimen failure. Tensile strength (σ), Young's modulus (E), and elongation to break (ε%) were determined from the constructed stress-strain curve using Universal Analysis v5.4A software [41] . Fig. 1 shows the four major types of photodegradation mechanisms in polymers. Traditionally, during polymer (i.e. HDPE) degradation chain scissioning occurs via Norrish Type I and II reactions ( Fig. 1a and b ) [29] . Radical intermediates are formed during Norrish Type I reactions in the presence of UV radiation. These free radicals tend to attack the less stable tertiary H of HB and HV units and initiate the chain cleavage, followed by further photo-oxidation of PHBV (Fig.   1c ). Degradation via β-scission will generate new species, and therefore a higher concentration of carbonyl (C=O) groups would be observed. Lower molar mass polymers will be produced by scission with changes in sample morphology and thermophysical properties. Meantime, radicals, C· and -C-O-O·, produced by radical initiation can undergo crosslinking reactions to form C-C or -C-O-O-C-linkages between HB-HB, HB-HV, and HV-HV units from different molecular chains (Fig. 1d) . The C-O-O-C-linkage is not stable and will undergo a β-scission reaction. Due to limited mobility of solid samples during weathering, the crosslinking reaction could at least be possible as compared to the other three types of mechanisms. It is noted that, except the photodegradation mechanisms described above, some extent of hydrolysis of ester bands of PHBV could occur during weathering due to the presence of water. As postulated if acids are generated through a Norrish Type II mechanism the acidic environment can result in the hydrolysis of PHBV, and therefore a decrease of carbonyl groups would be expected. 
Results and discussion
Degradation mechanisms of PHBV during weathering
Visual appearance changes
Inspection of the PHBV surfaces after 500 h accelerated weathering by microscopy showed visible cracks (also known as crazing) (Fig. 2b) . After weathering the PHBV film surfaces became rough. The size of these cracks or checks was shown to increase with extended weathering to1000 h (Fig. 2c) . Similarly to other weathered polymers, e. g. HDPE and PP, the crazing of weathered PHBV surfaces was likely caused by polymer chain scission/cleavage leading to the creation of highly crystallized PHBV regions [28] . These regions tend to contract and expand during the drying (with light) and wetting (light and water spray) cycles, respectively.
Initial checking formed on the surfaces would facilitate UV penetration into the bulk of the polymer. Water spray will also wash away any debris from the degraded surface and promote crazing [28] , which would disorient the crystal lamella in the deeper layers. This observation agrees with the morphological investigation of photodegraded bioplastics such as PLA, PCL, and PHB [9, 22, 26] . These results show that PHBV was susceptible to degradation by accelerated weathering.
Fig. 2. Light micrographs (200 ×) of PHBV control (a) and after accelerated weathering for 500
h (b) and 1000 h (c).
Chemical changes of PHBV copolymer during weathering
Molecular weight changes
mm mm mm (a) 0 h (b) 500 h (c) 1000 h
Molar mass changes and number of chain scissions as a result of weathering PHBV were determined and given in Table 1 . As exposure time was increased to 800 h, the M n decreased, while the number of scissions of molecular chains was increased gradually. However, 800 to 1000 h exposure, the changes were not so apparent, reflecting that the molecular degradation occurred at the PHBV film surface. This confirms the postulation proposed earlier, that chainscissioning occurred via Norrish I/II and radical initiation mechanisms (Fig. 1 a, b and 
Compositional changes
The copolymer composition (molar fraction of HV monomer) was determined as their methyl ester derivatives by GCMS and the results are given in Table 1 . In the first 600 h, HV mol% was reduced by 10%, suggesting the preference of degradation of HV units over HB units. However, at the end of weathering the HV molar content was increased from 33 to 39 mol%.
Compositional analysis indicated that the degradation of PHBV was non-random. The HV units degraded mainly at the early weathering stage to a certain level then chain cleavage at HB units was favored. It was reported that the hydrolysis of PHBV (6 mol% HV) favors the HV units with longer exposure time [13] . Therefore, the accelerated weathering degradation of PHBV copolymer is dependent on HV content. and vinyl (C=C at 910 cm -1 ) groups were examined in detail to determine the extent of PHBV oxidation. The concentrations of these groups were calculated using Equations (3) (4) (5) (6) (7) (8) and results are given in Table 1 . The PHBV ester C=O concentration (C 1720 ) was shown to decrease in the initial weathering stage (<200 h) but increased on extended weathering (>200 h). As stated above hydrolysis of PHBV could result in the reduction of ester C=O groups; hence, in the initial weathering stage the hydrolysis of ester bond of PHBV was dominant, whereas with extended weathering time β-scission prevailed over hydrolysis. However, the vinyl concentration (C 910 ) was shown to increase with exposure time. These findings provide evidence that PHBV experienced Norrish Type II reactions, resulting in the formation of vinyl groups and unsaturated C=C bonds [9, 29] , especially at an early stage. In addition, Norrish Type I reaction generate free radicals (R·) intermediates in the presence of UV radiation which further initiates the polymer chain cleavage and forms carbonyl groups [22] . Fig. 3 . FTIR spectra of PHBV films unweathered control (a) and weathered for (b) 500 h and (c) 1000 h.
Surface chemistry -
Structural changes
1 H NMR spectroscopy was employed to monitor functional group changes in the bulk PHBV during weathering. Fig. 4 shows 1 H-NMR spectra of unweathered control and 1000 h weathered PHBV samples. The triplet CH 3 proton resonance at δ = 0.95 ppm corresponds to the methyl groups of HV monomer unit, while the doublet CH 3 -proton resonance at δ = 1.31 ppm was assigned to methyl group of HB monomer. The chemical shift observed at δ = 1.68 ppm was attributed to the CH 2 -proton resonance of HV units [12, 42] . weathering. After 1000 h weathering, the spectrum showed the presence of one new signal at δ = 2.04 ppm (Fig. 4b) , which could be assigned to the CH 3 -proton of HB [22] , or CH 2 -proton of HV being directly connected to a carbonyl group (C=O) as proposed in Fig. 1 . This finding is in agreement with results reported in the literature for photodegraded PHB [22] . Therefore, it is highly possible that the degradation mechanism of PHBV follows the mechanisms of radical initiation (Fig. 1c) which was produced via the Norrish type I reaction (Fig. 1a) .
Fig. 4.
1 H-NMR spectra of PHBV that was (a) unweathered control and (b) weathered for 1000 h.
Thermal properties changes
The surface morphology of weathered PHBV films showed that they were more crystalline as compared to unweathered controls. Detailed information of the PHBV crystallization behavior changes was obtained from DSC and FTIR analyses. As shown in Fig. 5 , the degree of crystallinity (X t %) in PHBV by DSC increased 6-fold after the initial weathering stage (< 200 h).
Between 200 to 600 h of exposure the PHBV X t % was relatively constant at about 13%. On extended exposure (> 600 h) the PHBV X t % was increased significantly to about 19%. An increase in degree of crystallinity was also observed in photodegraded PCL films exposed to radiation for 200 h [9] .
The spectral ratio of band 1720/1740 cm -1 (crystallinity index, I C=O ) can be used to estimate the degree of crystallinity of PHB [33, 34, 43] . The FTIR ester carbonyl band (1800-1680 cm -1 ) was curve fitted (the inset spectrum of Fig. 3 ). There was a similar trend between I C=O and X t % changes for the weathered PHBV (Fig. 5 ). Due to Norrish Type I/II and radical initiation reactions, the reduction in the density of PHBV polymer chain entanglements would allow lowmolar mass fragments to more readily align/crystallize from the melt (during DSC analysis) due to their higher mobility. Moreover, the thickening of crystals during weathering of PHBV can result in an increase of degree of crystallinity of upon weathering. It is worth noting that with the presence of water spray this can contribute to deeper UV penetration through checks formed at an early stage of exposure. Based on the influence of water spray, the X t % of PHBV was increased to around 19% (ΔH m = 27.7 J/g) after 1000 h of accelerated weathering as compared to a crystallinity of 14% (ΔH m = 20.4 J/g) for PHB exposed to UV irradiation for 12 weeks [22] . The melting (T m around 163 °C ) and glass transition temperatures (T g around -2.5 °C ) of weathered PHBV films were relatively constant with exposure time (Fig. 6 ). This may be because the lamellar structure of PHBV was not influenced during the accelerated weathering.
For gamma and electric irradiation treated PHB/PHBV a significant decrease in T m was observed [44, 45] . This phenomenon suggests a wider molar mass distribution (Table 1 , higher M w /M n ) and lower chain stiffness due to chain-scissioning (e.g., β-scission as shown in Fig. 1c ) upon weathering [46] . Although, some crosslinking could occur due to photodegradation (Fig. 1d ) the main degradation mechanism is chain cleavage than crosslinking. 
Effect of weathering on tensile property of PHBV
The PHBV tensile properties were monitored with exposure time (Fig. 7) . Before weathering the PHBV film had E, σ, and ε% values of 322 MPa, 15.7 MPa, and 53.5%, respectively. At just 24 h exposure, the E was increased by 30%, while the ε% was reduced by 46%. The PHBV σ and ε% were shown to decrease with weathering time and most likely due to a decrease in molar mass.
However, the E was shown to increase as the PHBV degree of crystallinity increased. It is worth noting that σ was decreased significantly when the exposure time was > 700 h. The tensile specimens experienced stretching and necking behavior when PHBV exposure time was < 700 h ( Fig. 7 inset image) . In contrast, above 700 h exposure the PHBV tensile specimens were shown to completely break apart (Fig. 7) . The changes of E, σ, and ε% indirectly suggest that crosslinking reactions occurred in addition to chain scissioning during weathering. Limited amount of crosslinking can recover some degree of mechanical property while chain scissioning is more detrimental [22, 44] .
Fig. 7.
Tensile property (E, ε, and σ) changes of PHBV with exposure time (0-1000 h).
Conclusions
In this study, the effect of weathering on the chemical, thermal and mechanical properties on PHBV copolymer was investigated. Weathering of PHBV followed five types of degradation mechanisms: (1) Norrish Type I, (2) Norrish Type II, (3) radical initiation, (4) crosslinking reaction, and some extent of (5) hydrolysis of ester bonds. Weathering of PHBV was more severe with the presence of water spray. Compositional analysis (HV mol%) showed the HV units degraded mainly at the early weathering stage, while the chain cleavage at HB unit was to be favored with weathering was extended. 1 H-NMR results and carbonyl group concentration determined by FTIR indicated a great amount of β-scission occurred during weathering.
Weathered PHBV exhibited an increase in degree of crystallinity to 20%. The ultimate strength and elongation to break were decreased, while the Young's modulus (E) was increased with weathering. Hence, the PHBV is not just biodegradable but also photodegradable to solar radiation in the presence of water. 
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